The Yes-associated protein (YAP) transcriptional coactivator is a key regulator of organ size and a candidate human oncogene inhibited by the Hippo tumor suppressor pathway. The TEAD family of transcription factors binds directly to and mediates YAP-induced gene expression. Here we report the three-dimensional structure of the YAP (residues 50-171)-TEAD1 (residues 194-411) complex, in which YAP wraps around the globular structure of TEAD1 and forms extensive interactions via three highly conserved interfaces. Interface 3, including YAP residues 86-100, is most critical for complex formation. Our study reveals the biochemical nature of the YAP-TEAD interaction, and provides a basis for pharmacological intervention of YAP-TEAD hyperactivation in human diseases. The Yes-associated protein (YAP) is a transcriptional coactivator (Yagi et al. 1999) . YAP knockout in mice causes embryonic lethality (Morin-Kensicki et al. 2006) , indicating its critical role in development. In contrast, transgenic expression of YAP dramatically increases mouse liver size in a reversible fashion (Camargo et al. 2007; Dong et al. 2007) , suggesting a key role of YAP in organ size regulation. Consistent with its growth-promoting function, yap genomic amplification and elevated protein levels have been observed in several human cancers (Overholtzer et al. 2006; Zender et al. 2006; Dong et al. 2007; Zhao et al. 2007; Steinhardt et al. 2008) . Furthermore, expression of active YAP potently induces transformation in both NIH3T3 and MCF10A cells (Overholtzer et al. 2006; Zhao et al. 2009 ), and liver-specific transgenic expression of YAP causes tumor formation in vivo (Camargo et al. 2007; Dong et al. 2007 ). These observations support the function of YAP as a human oncogene.
The Yes-associated protein (YAP) is a transcriptional coactivator (Yagi et al. 1999) . YAP knockout in mice causes embryonic lethality (Morin-Kensicki et al. 2006) , indicating its critical role in development. In contrast, transgenic expression of YAP dramatically increases mouse liver size in a reversible fashion (Camargo et al. 2007; Dong et al. 2007) , suggesting a key role of YAP in organ size regulation. Consistent with its growth-promoting function, yap genomic amplification and elevated protein levels have been observed in several human cancers (Overholtzer et al. 2006; Zender et al. 2006; Dong et al. 2007; Zhao et al. 2007; Steinhardt et al. 2008) . Furthermore, expression of active YAP potently induces transformation in both NIH3T3 and MCF10A cells (Overholtzer et al. 2006; Zhao et al. 2009) , and liver-specific transgenic expression of YAP causes tumor formation in vivo (Camargo et al. 2007; Dong et al. 2007 ). These observations support the function of YAP as a human oncogene.
As a transcriptional coactivator, YAP needs to bind transcription factors to stimulate gene expression. Reported YAP target transcription factors include TEAD, p73, Runx2, and the ErbB4 cytoplasmic domain (Yagi et al. 1999; Strano et al. 2001; Vassilev et al. 2001; Komuro et al. 2003) . However, only TEAD has been demonstrated to be important for the growth-promoting function of YAP Zhao et al. 2008) . In humans, the TEAD family has four highly homologous proteins sharing a conserved DNA-binding TEA domain. YAP and TEAD1 bind to a common set of promoters in MCF10A cells (Zhao et al. 2008) . Knockdown of TEAD aborts expression of the majority of YAP-inducible genes and largely attenuates YAP-induced overgrowth, epithelial-mesenchymal transition (EMT), and oncogenic transformation (Zhao et al. 2008) . Furthermore, the phenotype of TEAD1/TEAD2 double-knockout mice resembles YAP knockout mice . Notably, the role of the YAP and TEAD complex in growth promotion is implicated in Sveinsson's chorioretinal atrophy caused by the TEAD1 Y406H mutation, which abolishes its interaction with and activation by YAP (Kitagawa 2007; Zhao et al. 2008) . Consistently, Scalloped (Sd), the Drosophila homolog of TEAD, directly mediates Yorkie (Yki)-induced gene expression and overgrowth phenotypes (Zhao et al. 2007; Goulev et al. 2008; Wu et al. 2008; Zhang et al. 2008 ). These observations strongly indicate that the TEAD family of transcription factors plays a key role in mediating YAP function. The three-dimensional structure of the TEAD1 DNA-binding domain has been solved (Anbanandam et al. 2006) . However, the molecular basis of how TEAD recruits YAP is unclear.
In this study, we present the crystal structure of the YAP2 (residues 50-171) and TEAD1 (residues 194-411) complex. We chose TEAD1 in our study because it is mutated in human disease and the DNA-binding domain structure of TEAD1 is available. In the YAP-TEAD1 complex, the extended structure of YAP-which includes a b strand, an a helix, and a twisted-coil region-wraps around the globular surface of TEAD, forming three highly conserved interfaces. Structural and functional analyses indicate that the coil region (residues 86-100) in YAP is most important for TEAD binding, while a helix 1 (residues 61-73) and the b strand (residues 52-58) in YAP play limited roles in complex formation with TEAD. Residues critical for complex formation are evolutionarily conserved in YAP and TEAD. The structure presented in this study provides a molecular understanding of YAP-TEAD interaction, and establishes a structural basis for pharmacological intervention of diseases associated with YAP overactivation.
To make the YAP-TEAD complex for X-ray crystallography studies, we further narrowed the YAP interaction domain in TEAD1 using an in vitro pull-down assay (Supplemental Fig. S1B ). The TEAD1 fragment with residues 194-411 displayed strong binding affinity to YAP 50-171 and was used for complex assembly. Three YAP fragments (residues 50-114, 50-159, and 50-171) were also verified to assemble stable complexes with TEAD1 (residues 194-411) (Supplemental Fig. S1C ). Crystals of the YAP 50-171 and TEAD1 194-411 (referred to as YAP and TEAD hereafter) complex were used for data collection. The crystal structure of YAP-TEAD was solved by Se-SAD (single-wavelength anomalous diffraction), and the final model was refined to 2.8 Å resolution. Statistics of the structure determination and refinement are summarized in Supplemental Table S1 .
Overall structure of the YAP-TEAD complex
In the 2.8 Å resolution structure ( Fig. 1 ), YAP and TEAD form a heterodimer. In one asymmetric unit of the crystal structure, two YAP-TEAD complexes form a dimerized heterodimer (data not shown). However, gel filtration chromatography showed that the complex was a heterodimer in solution (data not shown), suggesting that further dimerization in the asymmetric unit may result from crystal packing. Therefore, the structure is presented as a heterodimer below. There is no electron density for residues 230-238 of TEAD and residues 101-171 of YAP, and therefore these were not built in the model.
The structure shows that the complex has overall dimensions of ;50 3 60 3 40 Å 3 (Fig. 1A ) composed of four a helices and 12 b strands in TEAD (Fig. 1A , shown in light blue), and two a helices, one b strand, and a coil in YAP (Fig. 1A , shown in yellow, green, cyan, and red, respectively). In the TEAD structure, two b sheets are packed against each other, forming a b-sandwich fold, which is surrounded by four a helices on one side. One of the b sheets is formed by strands b1, b2, b5, b8, and b9, and the other is formed by strands b3, b4, b6, b7, b10, b11, and b12. a helices a1 and a2 connect b3 and b4, and pack on the surface of b sandwich on one side. a helices a3 and a4, which lie between b9 and b10, further stabilize the b-sandwich core domain by closing up the open end between two b sheets. The extended YAP structure wraps around TEAD by interacting with a1, a3, a4, and one of the b sheets of TEAD.
TEAD is highly conserved from Trichoplax to mammals. Structurally based sequence alignment of the TEAD family is shown in Figure 1B . The TEAD interaction domain of YAP is highly conserved, indicating that the YAP-TEAD partnership is evolutionarily conserved (Fig. 1B) . Furthermore, residues critical for TEAD interaction are highly conserved between YAP and TAZ (Fig. 1B) , a YAP paralog that also interacts with TEAD (Mahoney et al. 2005; Chan et al. 2009; Zhang et al. 2009 ).
Interfaces between YAP and TEAD
The TEAD-binding domain of YAP wraps around the globular structure of TEAD via three interfaces ( Fig. 2A) . Interface 1 is mediated by seven intermolecular hydrogen bonds between the peptide backbones of YAP b1 (residues 52-58) and TEAD b7 (residues 318-324), forming an antiparallel b sheet ( The second interface is dominated by the YAP a1 helix (residues 61-73), which packs into a binding groove formed by TEAD a3 and a4 (residues 345-369) ( Fig. 2C ; Supplemental Fig. S3 ). Here the binding is mediated mainly by hydrophobic interactions between L65, L68, and F69 of YAP and F314, Y346, F350, K353, L354, L357, V366, and F370 of TEAD. The three residues L65, L68, and F69 of YAP form a conserved LXXLF motif, which is well known as a binding module for a hydrophobic groove (Darimont et al. 1998; Nolte et al. 1998; Westin et al. 1998) . In particular, the L65-binding site is formed by Y346, F350, and K353; the L68-binding site is formed by F314, F350, and F370; and the F69-binding site is formed by F350, K353, L354, L357, and V366. The three residues of YAP also interact with each other, forming a very compact hydrophobic patch that binds to the hydrophobic groove of TEAD. Residues participating in the hydrophobic Sequence alignment of TEAD and YAP across isoforms and species. TEAD, YAP, and TAZ from indicated species are included. Identical residues are highlighted with a purple background, and highly conserved residues are highlighted with a pink background. Secondary structural elements are colored as in A and are indicated above the sequences. Residues that are involved in interactions on interfaces 1, 2, and 3 ( Fig. 2A) are indicated by yellow squares, green dots, and red triangles, respectively. interaction from both YAP and TEAD are completely conserved, as marked by green dots in Figure 1B .
In the third interface, the twisted-coil region of YAP (residues 86-100) interacts with TEAD by fitting side chains into the deep pocket, which is formed by b4, b11, b12, a1, and a4 of TEAD ( Fig. 2D; Supplemental Fig. S3) . Particularly, the hydrophobic side chains M86, L91, and F95 of YAP make multiple van der Waals contacts with I247, V242, L272, V391, and Y406 of TEAD. The interaction is further strengthened by hydrogen bonds between the guanidinium group of YAP R89 and the carboxylate oxygen of TEAD D249, and two hydrogen bonds formed by the side chain of YAP S94: one with Y406, and the other with E240 of TEAD. F96 of YAP has no direct interaction with TEAD but has internal hydrophobic interaction with M86, R87, L91, and F95 of YAP, and stabilizes this compact hydrophobic coil region. P98 and P99 of YAP are separated from the coil region by W276 and H404 of TEAD and are stabilized by the outside surface of the pocket, mainly through hydrophobic interaction with W276 and H404 of TEAD.
A Dali search (Holm et al. 2008) of TEAD structure versus the Protein Data Bank yielded 669 entries with structural similarity (Z score >2.0), among which PDEd (phosphodiesterase) was the best, with a Z score of 9.8 (Supplemental Table S3 ; Hanzal-Bayer et al. 2002) . Most structures produced from the Dali search adopt an immunoglobulin-like fold, but none of them share similar functional properties with TEAD. To investigate the sequence conservation at the YAP-TEAD interfaces, TEAD surface residues are colored according to conservation scores, which were calculated using the ConSurf Server ( Fig. 2E ; Landau et al. 2005 ; http://consurf.tau.ac.il). Strikingly, most of the invariant residues of TEAD map to a continuous surface to which YAP binds, including b7 corresponding to interface 1; a3 and a4 corresponding to interface 2; and b4, b11, b12, and a1 corresponding to interface 3. This analysis supports the importance of the YAP-TEAD interaction from an evolutionary point of view.
Functional validation of YAP residues in TEAD-binding interfaces
The YAP-TEAD cocrystal structure indicates three major interfaces between the two proteins (Fig. 2) . To test the contribution of each interface in YAP-TEAD binding and function, we performed mutagenesis studies. Individual YAP mutants were tested in an in vitro GST pull-down assay. Deletion of b1 (50-59) in YAP had little effect on its interaction with TEAD (Fig. 3A) , indicating that the In vitro pull-down assay. His-tagged YAP (50-171) and mutants were tested in a GST pull-down assay using immobilized on glutathione resin. Pull-down products were analyzed by Tricine-SDS-PAGE and Coomassie blue staining. (B) In vitro GST-TEAD pull-down of different YAP fragments. Three YAP fragments, as indicated, were expressed and purified as SUMO fusions. In vitro pulldown was performed as described in A and was analyzed by SDS-PAGE and Coomassie blue staining. (C) CTGF reporter assay. Indicated plasmids were cotransfected with a CTGF reporter and a CMV-b-gal construct into 293T cells. Luciferase activity was measured and normalized to b-galactosidase activity. YAP and TEAD expression levels were determined by Western blot with anti-Flag and anti-Myc antibodies, respectively. (D) Coimmunoprecipitation. Flag-YAP wild type or mutants were cotransfected with Myc-TEAD1 wild type into HEK293 cells. Flag-YAP was immunoprecipitated, and coimmunoprecipitated TEAD1 was determined by anti-Myc Western blot.
anti-parallel b sheet between YAP and TEAD in interface 1 is not critical for their association. In addition, mutations of L68A and F69A, which are involved in a hydrophobic interaction with TEAD in interface 2, did not reduce YAP interaction with TEAD (Fig. 3A) . However, S94A and F96A mutations significantly reduced the binding affinity between YAP and TEAD. YAP-TEAD interaction was most dramatically decreased by M86A, R89A, L91A, and F95A mutations (Fig. 3A) . To further confirm the significance of interface 3 in YAP-TEAD interaction, we expressed three YAP fragments as a SUMO fusion. Our data showed that YAP containing residues 50-100 (b1, a1, and the coil region) and residues 61-100 (a1 and the coil region) strongly interacted with GST-TEAD (Fig. 3B) . Interestingly, the YAP 86-100 fragment, which has only the coil region, could also interact with TEAD, although the interaction was weaker than the longer YAP fragments. These results suggest that, under in vitro conditions, interface 3 is the most important to YAP-TEAD interaction, and it alone is sufficient for complex formation. In contrast, interface 2 is less critical than interface 3, while interface 1 is the least important for interaction with TEAD.
The YAP-TEAD interfaces were further evaluated in functional assays in cells using a luciferase reporter driven by the CTGF promoter, which contains three TEAD-binding sites and is potently activated by YAP (Zhao et al. 2008) . Activation of this reporter requires the binding of YAP to TEAD, which then binds to the CTGF reporter. Deletion of YAP residues 50-59 caused a moderate reduction in CTGF reporter activity, while mutation of R58 to alanine did not inhibit the reporter, indicating a limited role of this interface in TEAD activation by YAP in vivo (Fig. 3C) . Although the D64A mutation had little effect, mutation of L68A in interface 2 did cause a moderate reduction in the ability of YAP to stimulate the CTGF reporter. Notably, mutation of M86A, R89A, L91A, S94A, F95A, and F96A in interface 3 strongly diminished YAP activity on the CTGF reporter (Fig. 3C) . Similar results were obtained without TEAD1 cotransfection, although the overall activity was lower (data not shown). We confirmed our observation of the functional importance of interface 3 using another luciferase reporter driven by five Gal4-binding elements. In this system, TEAD binds to the reporter through the fused Gal4 DNA-binding domain, but not its own TEA DNA-binding domain. The reporter activity depends on the interaction between TEAD and YAP. As expected, we obtained results similar to those for the CTGF reporter (Supplemental Fig. S2A ). These data further support the important role of interface 3 in the function of YAP-TEAD interaction, and also suggest that YAP-TEAD interaction is independent of TEAD binding to DNA. We further tested if lentiviral expression of YAP fragment 86-100, corresponding to interface 3, could inhibit YAP function in vivo. No significant effect on the mRNA level of either CTGF or ITGB2, two YAP target genes ), was observed (data not shown). This could be due to a combination of weak interaction of the YAP 86-100 fragment with TEAD and an insufficient level of expression.
Mutations that reduced YAP activity in reporter assays were further tested for their interaction with TEAD in cells by a coimmunoprecipitation assay. Consistent with the reporter assay, M86A, R89A, L91A, S94A, F95A, and F96A mutations in interface 3 abolished YAP interaction with TEAD1 (Fig. 3D) . Deletion of residues 50-59 in interface 1 or mutation of L68 in interface 2 also attenuated YAP-TEAD1 interaction, consistent with the YAP reporter assay data. As a negative control, mutation of D64, which did not decrease the reporter activity, had no effect on YAP-TEAD interaction (Fig. 3D) . Based on the above data (summarized in Supplemental Table S2 ), it appears that interface 3 between YAP and TEAD is the most critical contact for YAP-TEAD interaction, although the other two interfaces also contribute to YAP-TEAD interaction in vivo.
Functional validation of TEAD residues in YAP-binding interfaces
Fifteen point mutations were made in TEAD to determine their role in YAP interaction. In vitro GST pulldown experiments indicated that only the Y406A and Y406H mutations strongly reduced the interaction with YAP, while the other mutations showed modest or no effects (Fig. 4A ). Because Y406 is in interface 3, the above data are consistent with the functional analyses performed with YAP mutants, which also demonstrate the critical role of interface 3 in the YAP-TEAD association.
We examined TEAD mutations for their ability to be activated by YAP. The ability of Y406A and Y406H to be activated by YAP was abolished in both Gal4-TEAD1 and CTGF reporter assays ( Fig. 4B; Supplemental Fig.  S2B ). Mutation of E240A, V242A, and I247A, three other Figure 3C with TEAD1 mutants and wide-type YAP. (C) Coimmunoprecipitation. Experiments were performed as in Figure 3D with TEAD1 mutants and wide-type YAP. residues in interface 3, partially compromised their activation by YAP ( Fig. 4B; Supplemental Fig. S2B ). Consistent with the reporter assay data, coimmunoprecipitation between YAP and TEAD1 mutants showed that TEAD1-Y406H was unable to interact with YAP, while the E240A, V242A, and I247A mutations partially decreased TEAD1 interaction with YAP (Fig. 4C) . These results further support the essential function of interface 3 in YAP-TEAD1 interaction.
The functions of TEAD/Sd in development have been convincingly established by genetic studies in Drosophila (Halder et al. 1998; Simmonds et al. 1998) and knockout mouse models (Yagi et al. 2007; Nishioka et al. 2008; Sawada et al. 2008) . Recent studies have also suggested that TEAD functions in progenitor cells and stem cells (Cao et al. 2008; Nishioka et al. 2009 ). The four TEAD proteins in humans are highly homologous and may function similarly at the molecular level, while their physiological functions may be influenced by spatial and temporal expression patterns.
Both TEAD and YAP are highly conserved in diverse species, indicating the functional conservation of the YAP-TEAD complex. In TEAD, the highly conserved residues map to the surface formed by b7, a3, a4, b4, b11, b12, and a1, corresponding to the three interfaces with YAP (Fig. 2E) . In YAP, residues involved in TEAD binding are located mainly on a1 and the coil region connected with a2 (Fig.  1B) . Mutational analyses show that M86, R89, L91, S94, F95, and F96 are essential for interaction with TEAD. Among these residues, S94, F95, and F96 are invariable in YAP across species. Residues corresponding to M86 and L91 are always hydrophobic, while the residue corresponding to R89 is either R or K (Fig. 1B) . TAZ is a YAP homolog that also activates TEAD (Chan et al. 2009; Zhang et al. 2009 ). Consistently, critical residues for TEAD binding are conserved in TAZ (Fig. 1B) .
The TEAD1 Y406H mutation has been implicated as a cause of Sveinsson's chorioretinal atrophy, a rare genetic disease (Fossdal et al. 2004) . Interestingly, Y406 directly forms a hydrogen bond with S94 in YAP. The importance of this hydrogen bond is supported by biochemical characterizations that mutation of either Y406 in TEAD1 or S94 in YAP strongly disrupts YAP-TEAD1 interaction and abolishes TEAD1 activation by YAP. Given the fact that YAP is known to promote tissue growth, the YAP-TEAD complex structure provides molecular insights into the mechanism of the TEAD1 mutation in causing Sveinsson's chorioretinal atrophy.
An independent study by Chen et al. (2010) reports the structure of mouse TEAD4 (residues 210-427) in complex with YAP (residues 35-92). These two studies reveal a similar structural fold of the TEAD-YAP complex. Chen et al. (2010) noted that the loop with the PXXFP motif is essential for TEAD4 interaction and transforming activity. Intriguingly, however, PXXFP is not conserved in TAZ, and we observed that the YAP fragment (residues 86-100) without the PXXFP motif could still bind to TEAD, although more weakly (Fig. 3B) , indicating that the PXXFP motif is not essential for interaction with TEAD.
YAP has been established as a human oncogene acting downstream from the Hippo tumor suppressor pathway. Our structural studies provide valuable information for potential drug design. For example, the most critical interaction between YAP and TEAD involves a twistedcoil region of YAP in interface 3. It is appealing to design inhibitors to disrupt the YAP-TEAD interaction based on our structural studies. Such inhibitors could be potential drugs for cancer or hypertrophic disease caused by mutations of the Hippo pathway.
Materials and methods

Structure determination
Phases for the YAP-TEAD complex were initially determined by SAD using the phasing module Autosol, and density modification and automatic model building were performed using the AutoBuild of program package PHENIX (Adams et al. 2002) . More than 50% of residues were autotraced into the experimental electron density map. The remaining models were built manually with COOT (Emsley and Cowtan 2004) . A native data set with a maximum resolution of 2.8 Å was used for refinement. All refinements were performed using the refinement module phenix.refine of the PHENIX package (Adams et al. 2002) . The model quality was checked with the PROCHECK program, which shows a good stereochemistry according to the Ramachandran plot. The structure similarity search was performed with the Dali server (Holm et al. 2008 ).
Accession number
The atomic coordinates of the YAP-TEAD1 complex have been deposited in the Protein Data Bank with accession number 3KYS.
